Using density functional theory, we determine parameters of tight-binding Hamiltonians for a variety of Fabre charge transfer salts, focusing in particular on the effects of temperature and pressure. Besides relying on previously published crystal structures, we experimentally determine two new sets of structures; (TMTTF)2SbF6 at different temperatures and (TMTTF)2PF6 at various pressures. We find that a few trends in the electronic behavior can be connected to the complex phase diagram shown by these materials. Decreasing temperature and increasing pressure cause the systems to become more two-dimensional. We analyze the importance of correlations by considering an extended Hubbard model parameterized using Wannier orbital overlaps and show that while charge order is strongly activated by the inter-site Coulomb interaction, the magnetic order is only weakly enhanced. Both orders are suppressed when the effective pressure is increased.
I. INTRODUCTION
Quasi-one dimensional organic salts formed from tetramethyltetrathiafulvalene (TMTTF) molecules -also known as Fabre charge-transfer (CT) salts -have been intensively investigated in the last two decades since they exhibit a rich variety of phases like antiferromagnetism, superconductivity, charge ordering, spin-density wave ordering or spin-Peierls behavior.
1-3 Such phases can be driven both by external (physical) pressure as well as by chemical pressure (see Fig. 1 ). Even though a few successful models have been proposed for the description of these systems, constructing a consistent microscopic picture of the relationships between the various phases remains a challenge.
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The primary avenue of the present work is to understand the microscopic origin of the close competition between the different phases in these compounds as a function of chemical and external pressure as well as temperature. For that, we performed ab initio density functional theory (DFT) 7, 8 and model Hamiltonian calculations for several Fabre CT salts whose crystal structures were determined at different temperatures and pressure and investigated variations of their electronic properties with temperature and pressure. 9 By computing the real-space overlaps of Wannier orbitals for the bands near the Fermi level, we parametrize a two-band tight-binding Hamiltonian model for the various systems and examine the differences in their electronic hopping parameters. In this way, we can connect structural and chemical modifications with changes in the electronic properties. Furthermore, in order to analyze some of the preferred orderings we consider a description of the Fabre CT salts in terms of an extended Hubbard Hamiltonian including on-site and inter-site Coulomb interaction terms. The kinetic part of this model is given by the computed hopping parameters for the various compounds. We discuss spin-spin and charge-charge correlation properties by diagonalizing the model.
The work is organized as follows. Sections II and III are dedicated to the description of the computational details as well as the crystal structure of the Fabre CT salts. In Sections IV, V and VI we present, respectively, our results on the electronic structure, tight-binding models as well as extended Hubbard models for a few members of Fabre CT salts. Discussion and conclusions are given in Sections VII and VIII.
II. COMPUTATIONAL DETAILS
The electronic structure calculations presented here were performed in an all-electron full-potential local orbital basis using the FPLO package.
14 The densities were converged on an (8 × 8 × 8) k mesh, using a generalized gradient approximation (GGA) functional. 15 For materials without published hydrogen coordinates, hydrogen atoms were placed according to the expected bond lengths and angles of a methyl group (C-H distance 1.1Å, C-C-H angle 109
• ). With the bond length and angle fixed, one has the freedom to choose the rotation angle of the set of hydrogen atoms on each methyl group around the C-C bond. We chose this angle such that one hydrogen is as far out of the plane of the molecule as possible. We tested the effect of this choice on the band structure and found no contribution to the bands of interest near the Fermi level since in this energy region only TMTTF bands of π origin are involved.
Some of the structures had suspicious bond lengths and angles, therefore the atomic coordinates were relaxed with DFT using the Vienna ab initio Simulation Package (VASP, version 5.2.11), 16, 17 with a projector-augmented wave basis. 18, 19 We used the GGA functional, 15 and included Van der Waals corrections 20 for the relaxations. We performed two kinds of relaxations; in one relaxation we kept sulfur and the heavy anion atoms coordinates fixed, and in the other relaxation all atom positions were relaxed. The differences between the two relaxed structures were minimal. The atomic coordinates were converged to an energy difference of 1 meV on a (5 × 5 × 5) k-mesh, with a plane wave cutoff energy of 500 eV.
The tight-binding parameters were obtained by constructing Wannier orbitals for the TMTTF bands at the Fermi level and computing real-space overlaps, as implemented in FPLO. Another way to generate these parameters is to fit the band structure of the model Hamiltonian to the DFT bands. The latter method can become difficult when many hopping parameters need to be fitted; there can be a number of solutions which reproduce the DFT bands equally well, but differ in physical details (such as relative strengths of certain bonds). By using Wannier orbital overlaps we can be sure that our parameter values have a clear physical interpretation.
The exact diagonalization of the extended Hubbard model was performed by considering system sizes of 4 × 4 TMTTF sites with periodic boundary conditions.
FIG. 2.
Crystal structure of the Fabre CT salts projected into the ac plane. The organic molecules form π-stacked 1D chains along the crystal a direction (with a slight zig-zag pattern), and form layers parallel to the ab plane. These organic layers alternate with anion layers (with the anions centered on the pink As sites) stacked in the c direction. Grey atoms are carbon, yellow are sulfur, while hydrogen atoms are shown in white.
III. CRYSTAL STRUCTURE
The Fabre CT salts consist of alternate layers of TMTTF molecules (cations) and monovalent anions, stacked in the c direction (see Fig. 2 ). In between the cation layers, the planar TMTTF molecules form π-stacked one dimensional chains in the a direction with a slight 'zig-zag' arrangement. There is a charge transfer of one electron from each (TMTTF) 2 dimer to each anion, i.e. the TMTTF molecules carry half a hole on average. There are two classes of anions: those that conform to the P1 symmetry of the TMTTF part of the crystal (such as PF 6 ), and those that break that symmetry (such as ClO 4 ). Also, the anion species influence the proportions of the unit cell, as well as the intra-and inter-chain hopping strengths. The inter-chain hopping strengths are not only determined by the distance between the TMTTF molecules, but also by changes in their zig-zag arrangement (that is to say, how far away from a perfectly aligned stack they are, and in what direction).
TMTTF molecules within a chain show a slight dimerization along the chain. We can quantify this structural dimerization as the difference between the larger dimer-ization distance of adjacent TMTTF molecules, d 1 , and the shorter dimerization distance, d 0 , normalized by the sum of the two distances:
These distances are defined as the distances between the centres of mass of the C and S atoms in each TMTTF molecule. Table I shows the structural dimerization of the materials investigated in this work. This table also includes the electronic dimerization, which is introduced in Sec. V. In general, the structural dimerization increases slightly with increasing temperature.
Cooling from room temperature to T = 4 K, (TMTTF) 2 AsF 6 and (TMTTF) 2 PF 6 both show charge ordering phase transitions and spin-Peierls transitions. These ordering transitions are not visible in the crystal structures; there are no significant changes in the structural dimerization from T= 300 K to T= 4 K. (TMTTF) 2 SbF 6 shows similar changes in the structural dimerization between 100 K and room temperature, and does not go through any ordering transitions in this range.
IV. ELECTRONIC STRUCTURE
In the following we examine the electronic properties of (TMTTF) 2 PF 6 in detail and will use this analysis as a baseline for understanding the Fabre CT salts. In Fig. 3 (a) we present the band structure and density of states of (TMTTF) 2 PF 6 in a window of energy [−4 eV, 4 eV] around the Fermi level. The bands have been drawn along the high symmetry path shown in the Brillouin zone in Fig. 3 (b) . It is clear from the partial density of states that near the Fermi level all the bands are predominantly due to the TMTTF molecules. In fact, the nearest anion bands are about 4.1 eV below the Fermi level, and more than 10 eV above it. The two 3/4-filled organic bands near the Fermi energy are a common feature of the Fabre salts as a result of hole doped pairs of TMTTF molecules. In (TMTTF) 2 PF 6 these bands are well separated from the rest of the bands, with gaps of more than 1 eV to the lower valence bands and upper conduction bands respectively. The size of the gaps vary with anion type, and sometimes anion bands cross the two TMTTF bands (as in the case of (TMTTF) 2 Br).
The quasi-one dimensionality of this system is manifested in the band structure ( Fig. 3 (a) ) where we find very little dispersion in the k y and k z directions and bands only cross the Fermi level in the k x direction. This can be also observed in the Fermi surface cut at k z = 0 shown in Fig. 3 (c) . This quasi-one dimensional behavior is a typical feature of the Fabre CT salts.
In order to further characterize the electronic structure of these systems, we generate Wannier orbitals for the two organic bands near the Fermi level as described (1), and the electronic dimerization is defined in Eq. (4) in Sec. V. References marked with * have no (or unrealistic) published hydrogen coordinates. Note that ClO4 and BF4 are tetrahedral anions, and so do not conform to the reported P1 symmetry (the anions do not have the required inversion symmetry). The anion ordering transition only occurs in these systems where the anion does not have inversion symmetry. The change in sign of ∂ elec indicates that the shorter bond has the smaller t.
in Section I. An example is shown in Fig. 4 . These bands have the symmetry of the TMTTF highest occupied molecular orbitals (HOMOs), partially depopulated by the charge transfer of one electron from a pair of TMTTF molecules to the anion layer. These two bands determine the low-energy physics of these systems and, in what follows, we shall concentrate on the analysis of this band manifold. We note that we are not considering DFT calculations beyond GGA and therefore leave correlation effects (beyond GGA) to be explicitely treated in the model calculations.
V. TIGHT-BINDING MODEL
Wannier orbitals form a natural basis for a tightbinding model. By computing overlaps between the orbitals, we can parameterize the two HOMO bands at the Fermi energy in terms of a two-site tight-binding Hamiltonian where the lattice sites are defined as the centers of mass of the two TMTTF molecules in each unit cell:
µ is the on-site energy, t ij are hopping parameters between sites i and j and the sum over i, j N indicates that only hoppings up to the N th nearest neighbor are included. In listing hopping parameters, we will use
where r ij are distances between TMTTF centers of mass and α = 0, 1, 2, . . . counts neighbour distances in ascending order. In the discussion that follows, we include hoppings up to the 8 th nearest neighbor (N = 8). These 8 hopping terms do not include any inter-layer hopping, and therefore the resulting tight-binding bands have no dispersion in the k z direction. The resulting tight-binding parameters for the eight shortest inter-site distances are shown in Table II . The longer hopping terms are of the same order as t 7 or smaller.
A. Anion dependence of the structural and electronic properties
In Figure 5 we show the band structure of the various Fabre CT salts considered in this study with crystal structures measured at ambient pressure and room temperature (see Table I ). This comparison allows us to analyze the effects of chemical pressure (i.e. anion substitution) on the electronic properties. For (TMTTF) 2 Br there are three additional Br bands crossing the lower organic band.
We observe that the TMTTF bands vary only modestly with anion at a given temperature, particularly at the Γ and Z points. The largest difference in the band structure is seen along the X-V path, (X = (0.5, 0, 0), V = (0.5, 0.5, 0) in units of the reciprocal lattice vectors) where the indirect influence of the anion is most prominent. It is clear that in (TMTTF) 2 Br strong mixing with the Br bands distorts the TMTTF bands around the avoided crossings. Away from the avoided crossings the bands are similar to the TMTTF bands observed for the other salts. It is worth noting that (TMTTF) 2 Br is the only salt studied here with easily accessible metallic and superconducting states.
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In Fig. 6 we show the real-space network of hopping terms t ij (see Eq. 3) between TMTTF molecules computed from the Wannier orbitals overlaps for (TMTTF) 2 AsF 6 ( Fig. 6 (a) ) and (TMTTF) 2 ClO 4 ( Fig. 6  (b) ). The strength of the hopping is linearly encoded into the bond diameter. This figure shows that these materials have a preferred hopping direction (the direction with the thickest bonds), forming one dimensional chains. The ratio of inter-chain to intra-chain hopping strengths is smaller in (TMTTF) 2 AsF 6 than in (TMTTF) 2 ClO 4 which indicates that (TMTTF) 2 AsF 6 is more one-dimensional. While all of the materials have strong intra-chain hopping terms (of order ∼0.15-0.25 eV)), the inter-chain hopping terms can vary by about an order of magnitude (see Table II in the Appendix). The values of the intra-chain hopping parameters in our work are consistent with those found for similar systems in previous experimental and theoretical investigations. [26] [27] [28] [29] [30] [31] [32] Missing in those previous studies is a thorough analysis of the intra-chain dimerization as well as the inter-chain hopping parameters.
In Table I we quantify the electronic dimerization for the Fabre CT salts studied in this work analogously as we did for the structural dimerization, i.e.
where t 0 (t 1 ) is the hopping term corresponding to the smallest (second smallest) bond length. While we observe a significant dependence on the nature of the anion, the structural and electronic dimerizations seem to be uncorrelated. This can be understood physically: the electronic dimerization is defined by hopping integrals whose magnitude depends on the orientation of the overlapping orbitals as well as on their separation. If the orientation is more favorable along the longer intrachain bond, then the more distant overlap can be larger. This is the case for the structures of (TMTTF) 2 PF 6 above P = 0.9 GPa, (TMTTF) 2 BF 4 at T = 100 K, and (TMTTF) 2 Br at room temperature; a negative value of ∂ elec in Table I indicates that the longer bond has a larger hopping strength. Focusing on the anions with octahedral symmetry at room temperature, we observe that while the structural dimerization has a consistent trend downwards as the anion changes from (SbF 6 ) − through (AsF 6 )
− to (PF 6 ) − (chemical pressure, smaller volume) and then further downwards as pressure is applied, the electronic dimerization follows the opposite trend. We will discuss this behavior below.
B. Temperature dependence of the structural and electronic properties
We proceed now with the analysis of the temperature dependence of the structural and electronic behavior of a few Fabre CT salts. This study is done by performing ground state DFT calculations for structures determined at different temperatures. The investigation for (TMTTF) 2 AsF 6 and (TMTTF) 2 PF 6 is done by considering crystal structures obtained experimentally at T = 4 K and at T = 300 K. The investigation for (TMTTF) 2 SbF 6 is done using crystal structures determined experimentally at temperatures between T = 100 K and 300 K.
In Fig. 7 we present the band structure of (TMTTF) 2 SbF 6 as a function of temperature. We observe that as the temperature is decreased, the band width increases and the dispersion between X and V becomes steeper; this indicates that the electronic structure becomes more two dimensional with decreasing temperature. This trend can be also observed in the behavior of the 2D tight-binding parameters (Fig. 8) , especially t 2 , t 4 and t 5 .
In order to quantify the electronic dimensionality, we introduce a dimensionality parameter, D, by taking the ratio of the inter-chain hopping terms (t ⊥ α ) and intrachain hopping terms (t β ),
We emphasize that this parameter is an estimate of a model dimensionality. The correlation between temperature, dimensionality, and bandwidth is seen more clearly by using this parameter, as illustrated in Fig. 9 (a) , where D for (TMTTF) 2 SbF 6 increases with decreasing temperature.
In Fig. 10 we present the band structure for (TMTTF) 2 AsF 6 and (TMTTF) 2 PF 6 for the crystal structures at T = 4 K and at T = 300 K. The interchain (X-V path) dispersion increases with decreasing temperature. (TMTTF) 2 AsF 6 and (TMTTF) 2 PF 6 undergo spin-Peierls transitions (at T = 11.4 K and 16.4 K, respectively), 33 however there is no energy splitting at T = 4 K since the crystal structure is not tetramerized. Interestingly, the electronic and structural dimerizations in these systems (see Table I ) are larger for the room Band structure of (TMTTF)2SbF6 calculated from the crystal structures obtained at several temperatures between T = 100 K and 300 K. At T = 140 K and 300 K, structures from two different samples were used; the additional bands at those temperatures are plotted with dashed lines. As the temperature is decreased, the bandwidth increases and the dispersion between the X and V points becomes steeper; this indicates that the electronic structure becomes more two dimensional with decreasing temperature.
temperature structures than for the structures measured at T = 4 K. We also investigated (TMTTF) 2 BF 4 . For this system, the electronic dimerization changes sign since the electronic dimers are on the more closely spaced TMTTFs (in terms of center of mass separation) in the room temperature structure, and on the more distant pair for the structure at 100 K. 
Evolution of tight binding parameters of (TMTTF)2SbF6 with temperature. As temperature is lowered to T = 100 K, the dominant hoppings t0 and t1 become nearly equal, making the TMTTF chain nearly isotropic. The sizable 2D couplings t2, t4 and t5 show a complicated temperature dependence, with t2 and t5 changing sign and t4 increasing considerably as temperature is lowered.
C. Pressure dependence of structural and electronic properties
Here we investigate a series of new experimental crystal structures of (TMTTF) 2 PF 6 determined at room tem- . Dimensionality versus bandwidth of (TMTTF)2SbF6 with temperature (diamonds) and (TMTTF)2PF6 under pressure (circles); the bandwidth is the energy difference between the highest and lowest energies in the TMTTF bands around the Fermi energy, and the dimensionality is defined by the ratio of the hopping integrals in the intra-and inter-chain directions (see Eq. (5)). We see the expected positive correlation between bandwidth and pressure (indicated by the arrow): as the pressure increases, so does the intermolecular hopping and therefore the bandwidth. We also see a strong positive correlation between pressure and dimensionality. There is a negative correlation between temperature and dimensionality and bandwidth; increasing the temperature has a similar effect to decreasing the pressure. The 140 K and 300 K points for (TMTTF)2SbF6 are averaged over the two structures available at those temperatures.
perature under various pressures. Figure 11 shows how the band structure evolves as a function of pressure. As the pressure is increased, the bandwidth increases, and the system becomes more two-dimensional (i.e. the dispersion is enhanced along the path X − V ). This is also apparent in the tight-binding parameters ( Figure 12) ; all the parameters grow with pressure (increasing the bandwidth), but not all by the same proportion, changing the degree of two-dimensionality. This trend to higher dimensionality has also been observed experimentally -optical experiments on (TMTTF) 2 PF 6 under pressure show that the metallic conductivity (Drude spectral weight) changes very anisotropically; it increases quickly with pressure in the perpendicular direction, while in the inchain direction there is very little change. 12 This trend with pressure has also been seen in other similar systems ((TMTTF) 2 AsF 6 and (TMTTF) 2 PF 6 ), and identified as a cross-over from a quasi-1D system to a 2D metal. 2), parametrized by the Wannier orbital overlaps for the 8 shortest hops. In the model used there is no dispersion in the kz direction since the 8 shortest hops are all in the same plane, i.e. we have a two dimensional model. It is clear from the DFT bands that the interplanar coupling is small, which is why the 2D model fits so well. Note that T = 4 K is below both the charge ordering and spin Peierls transitions of (TMTTF)2AsF6 and (TMTTF)2PF6. 
energy (eV) P = 0.3 GPa P = 0.6 GPa P = 0.9 GPa P = 1.5 GPa P = 2.0 GPa P = 2.7 GPa FIG. 11. Band structure of (TMTTF)2PF6 at various pressures. As the pressure is increased, the bandwidth increases, and the dispersion becomes steeper between the X and V points; the system becomes more two dimensional. These trends are made obvious in Figure 9 (b). Table I shows that between P = 0.9 GPa and 1.5 GPa, the TMTTF molecules become almost equally spaced (in terms of the centers of mass) since δ struct ∼ 0. At P=1.5 GPa, the larger inter-chain hopping is no longer associated to t 0 , but to t 1 ; to avoid a discontinuity, we make an exception to the numbering of t α with ascending t 7 P = 0.3 GPa P = 0.6 GPa P = 0.9 GPa P = 1.5 GPa P = 2.0 GPa P = 2.7 GPa
Tight binding parameters of (TMTTF)2PF6 at various pressures as a function of distance. Note that as the pressure is increased, the trend is for the t's to become larger. In Figure 9 (b) we see that the increases are such that the system becomes more two-dimensional.
distance and refer, for pressures 1.5 to 2.7 GPa, to the largest hopping as t 0 even though it belongs to the second nearest neighbour distance. The inter-chain hoppings t 0 and t 1 do not become equal around 1.2 GPa because even when the centers of mass are equally spaced, the staggering of the molecules in the chain means that the two hopping integrals are not equivalent. At pressures above P = 1.3 GPa, (TMTTF) 2 PF 6 is known experimentally to become metallic, and at low temperatures undergoes a spin-density wave transition.
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Figure 9 (b) shows how the dimensionality and bandwidth of (TMTTF) 2 PF 6 varies with pressure. We observe the expected trend of increasing bandwidth under pressure (forcing the TMTTF molecules closer together, increasing their intermolecular interactions). We also see that physical pressure changes the bandwidth more, for a given change in dimensionality.
VI. MODEL CALCULATIONS A. Exact Diagonalization of an Extended Hubbard Model
In the previous section we obtained the network of interactions relevant for the Fabre CT salts by means of DFT calculations. We proceed now with model calculations in order to analyze the effect of correlations in these materials.
Since some of the phases realized in these materials are charge and spin ordered phases, we shall investigate charge and spin structure factors using a quarter (hole) filled extended Hubbard model,
where the sum over ij 8 is over the 8 shortest distances between sites, t ij (see Eq. 3) are the corresponding hopping integrals, c † iσ (c iσ ) is the creation (annihilation) operator of a hole on the i th site with spin σ, and n i = n i↑ + n i↓ with n iσ = c † iσ c iσ . U and V ij are the on-site and the inter-site Coulomb interactions.
In this Section we present numerical results for the Hamiltonian Eq. (6), using the electron hopping parameters (t α with α = 0, ..., 7) as defined in Eq. 3 and obtained in Sec. V. We choose the on-site Coulomb interaction to be typical for this class of materials U = 4t 0 ≈ 1 eV (U is of the order of the bandwidth W ∼ 1 eV). 37 Since the arrangement of the molecules changes only slightly with pressure and temperature, we assume that the primary changes to the intersite interaction are based on the distance between the sites. This allows us to reduce the number of free parameters in our model; we scale V α as a function of the distance r α , V α = V 0 r0 rα , where the index α corresponds to the label of the hopping parameter between that pair of sites. The intersite interactions V 7 and V 3 are set to zero since we expect these terms to be strongly screened by the intermediate sites.
Thus we only have two 'free' parameters remaining, U and V 0 . The Coulomb interaction along the chain V 0 has been estimated in a previous work as between 0.2U and 0.6U . 37 Here we consider two cases, V 0 = 0.5t 0 (weak intersite Coulomb repulsion) and V 0 = 2t 0 (strong intersite Coulomb repulsion), both using U = 4t 0 . With this set of parameters, the ground state for a system of size N = 16 (4×4) sites with periodic boundary conditions (see Figure 13 ) is found using exact diagonalization, as implemented in ALPS. 38, 39 While similar methods have been applied to some members of this family of materials before, we note that calculating our parameters from Wannier orbitals allows us to have a more complete, realistic description of the inter-chain coupling.
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We compute dimer structure factors for charge and spin,
with n I = (n i − n i+1 )/2,
where I, J are the dimer indices with i = 2(I − 1) (and i and i + 1 are the site (monomer) indices, see Figure 13) , N d is the total number of dimers, r I denotes the position of the I th dimer, n I is the charge difference between the sites in the dimer, and m I is the total magnetization of dimers with m i = n i↑ − n i↓ the local magnetization. 32, 40 Note that C D quantifies the correlation between the charge polarization of dimers, while M D measures the correlation between spins on dimers.
For the U and V values considered here, C D (q) has a maximum at q = (0, 0) that corresponds to a charge order as shown in Fig. 13 (b) . M D (q) has a maximum at q = (π, π) corresponding to a dimer antiferromagnetic order in both the in-chain and inter-chain directions (shown schematically in Fig. 13 (b) ).
Here we investigate charge and spin structure factors for various Fabre CT structures at different temperatures and pressures. To minimize the effects of experimental variability, we focus our analysis on the sets of structures synthesized and measured following the same procedure; the series of (TMTTF) 2 PF 6 under pressure, and (TMTTF) 2 SbF 6 for various temperatures.
Both (0, 0) charge order and (π, π) spin order are slightly suppressed with decreasing temperature and increasing pressure (Figs. 14 and 15 ). This is in contrast to a previous work on a simpler model which showed different trends for the charge and magnetic orders. FIG. 14. Structure factors as a function of temperature for (TMTTF)2SbF6. As the temperature is decreased the dimer charge and magnetic orders are somewhat suppressed. Simultaneously, the bandwidth and dimensionality increase. Thus decreasing temperature has the same effects as increasing pressure (see Figure 15) ; the charge order is strongly activated by V0, and the magnetic order is only weakly enhanced.
The squares correspond to results with V0 = 2t0 while the triangles correspond to V0 = 0.5t0.
order is strongly activated by increasing the strength of the inter-site Coulomb interaction, V 0 . The antiferromagnetic correlation is relatively weakly enhanced by increasing V 0 . The changes in the correlation functions shown in Figs. 14 and 15 seem to be strongly connected to the degree of electronic dimerization ∂ electronic which we show in Fig. 16 . Lowering the temperature down to T = 100 K in (TMTTF) 2 SbF 6 continuously decreases the electronic dimerization in these structures and thus suppresses intra-dimer charge order as well as inter-dimer antiferromagnetic order by making the one-dimensional chains more isotropic. The same observation holds for the increase of pressure on (TMTTF) 2 PF 6 structures. The charge-and magnetically-ordered states found for the Fabre CT salts with this model are consistent with the phase diagram for these materials. But we find no evidence of a phase transition as a function of pressure or intersite V 's in this model. Note that this model cannot capture a spin-Peierls transition since no magnetoelastic coupling has been considered in the Hamiltonian.
In this analysis we have concentrated on the (0, 0) charge order and (π, π) spin order. However, in principle, there may be many kinds of charge order in these systems. For example, a maximum at (0, π) would indicate a charge order that alternates in the b direction as well as in the a direction. Within the realistic parameter range explored here, we only observe the type illustrated in Fig. 13 (b) .
VII. DISCUSSION
Summarizing our results, we observe that the dominant band structure parameters obtainedin our work are generally consistent with those published for similar materials, however Ref. 43 finds quite different values for the electronic dimerization. Those authors compute the t values by constructing TMTTF HOMOs from an extended Hückel model (a tight-binding model for both the σ-and π-bonding systems of a molecule) and calculate the overlaps between them. This method does not allow for the charge reorganization and other effects in the crystal, which are better included by using the Wannier orbitals from DFT. Table I shows that while structural dimerization tends to decrease with increasing pressure (both chemical and physical), the electronic dimerization only shows such a trend with physical pressure; there is no clear trend in electronic dimerization versus chemical pressure. Under chemical pressure, many aspects of the molecular ar- rangement can change (such as spacing and staggering), and there is no guarantee that they change smoothly with any one parameter of the anion, such as volume. This is clearest in the series of anions (SbF 6 ) − , (AsF 6 ) − , (PF 6 ) − at room temperature. As the anion size decreases (equivalent to increasing chemical pressure) the electronic dimerization shows no trend, while the structural dimerization decreases. It is important to note that the dimensionality (also computed from the electronic hopping parameters) shows a clear trend of increasing with increasing chemical and physical pressure; a trend that has been observed experimentally in (TMTTF) 2 PF 6 and (TMTTF) 2 AsF 6 .
12,34 As the temperature of (TMTTF) 2 SbF 6 is increased, it shows a clear increase in both structural and electronic dimerization.
Our model calculations show that while charge order is strongly activated by the inter-site Coulomb interaction, V , the magnetic order is weakly enhanced. We also see a weak suppression of both kinds of order as the pressure is increased, and as the temperature is decreased.
To reproduce and understand the full phase diagram of these strongly correlated materials, one needs estimates of the Coulomb parameters. It is well known that molecular Coulomb parameters are overestimates for organic crystals; within the crystal, the interactions are strongly screened. [44] [45] [46] There are several promising approaches to calculating the screened Coulomb parameters, each with their own costs and benefits. 46, 47 This will be addressed in a future work.
VIII. CONCLUSIONS
We have examined the structural and electronic properties of a set of Fabre charge transfer salts with crystal structures measured at different temperatures and pressures. By considering ab initio density functional theory calculations we obtain a comparable set of physically meaningful electron hopping parameters. In these results we identify some general trends: the structural dimerization is higher for the room temperature systems, the electronic dimerization decreases with increasing pressure, the systems are more two dimensional at lower temperatures and higher pressures, and this change in dimensionality is reflected in the degree of order in our model Hamiltonian. With this set of parameters, one can systematically investigate the differences between these materials in a model Hamiltonian.
It is possible that the variations seen in the electronic structure (such as the change in dimensionality) are responsible for tuning the ground states through the various phases accessible in these materials. However, ideally one would like a similarly systematic set of many-body interaction parameters, as well as the one-body parameters given here. TABLE II . tα values determined from the Wannier orbitals for all TMTTF structures investigated here (energies in eV). The tα are numbered from shortest to longest bond (defined by distance between the centres of mass of the TMTTF molecules), except where noted below. It is clear that the intra-chain terms, t0 and t1, are the dominant hopping terms. Note that for (TMTTF)2PF6 above 0.9 GPa, for Br at room temperature, and for BF4 at 100 K the dominant in-chain t is the longer one; we have swapped the labels for these materials such that t0 remains the strongest in-chain coupling. The labels (A) and (B) refer to the two inequivalent TMTTFs in each unit cell (in the absence of inversion symmetry).
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